The stratosphere is connected to tropospheric weather and climate. In particular, extreme stratospheric circulation events are known to exert a dynamical feedback on the troposphere 1 . However, it is unclear whether the state of the stratosphere also affects the ocean and its circulation. A co-variability of decadal stratospheric flow variations and conditions in the North Atlantic Ocean has been suggested, but such findings are based on short simulations with only one climate model 2 .
fluxes of heat, momentum, and freshwater at the air-sea interface, driving or perhaps enhancing intrinsic variability in the North Atlantic gyre system 9 and the Atlantic Meridional Overturning Circulation 10, 11 (AMOC). Thus, variations in the strength of the polar vortex and their projection on the NAO might influence the North Atlantic circulation. This is supported by a reconstruction of past AMOC variations using twelve different ocean reanalyses, revealing a similarity between variations in the AMOC (Fig. 1b) and the frequency of SSWs (Fig. 1a) .
The observational record is too short for a rigorous analysis of multi-decadal variability. Therefore, we examine the climate model GFDL-CM2.1, which was integrated for 4,000 years with constant forcings, approximately representative for preindustrial conditions 12 . A connection between stratosphere and ocean depends on the downward coupling into the troposphere. We examine this coupling by comparing the simulation against atmospheric reanalysis (hereafter simply observations). Focusing on periods where the polar vortex is unusually strong, we define events during which the Northern Annular Mode index (NAM) at 10 hPa crosses a threshold of 2.5. Our outcomes are not very sensitive to the exact threshold, but our choice limits the number of events and captures sufficiently strong events. In the observations, we find 22 events, which is an average of four per decade. At 3.8 per decade, the model produces similar statistics. We form composites of observed and simulated events in terms of anomalies in the NAM at pressure levels between 1,000 and 10 hPa and for various lags. The model captures well the structure of downward propagating stratospheric NAM anomalies seen in the observations (Fig. 2a,b) . However, the NAM is normalized and thus not an absolute measure of circulation anomaly. This is important, because the model does not have a well-resolved stratosphere, and, compared to the observations, it underestimates the day-to-day variability of zonal mean zonal winds in the stratosphere by about 40%. A more objective response measure is the zonal wind stress (τ ) over our North Atlantic study region (15
For the selected events, the simulated τ anomalies are considerably smaller than in the observations (Fig. 2c,d) , which is probably a consequence of the inadequate treatment of the model's stratosphere. However, it is reassuring that the model reproduces the observed sign and temporal structure of τ .
The surface impacts of the events examined in Fig. 2 include a north-south dipole in sea level pressure, which is a positive phase of the NAO (Fig. 3) . The nodal point of this dipole is located to the south of Greenland. There, the changes in wind stress amplify the climatological mean westerlies and heat fluxes that extract thermal energy from the ocean. The model produces a heat flux pattern (Fig. 3 shading) that is very similar to the observations, but the sea surface temperature (SST) cooling over the study region is three times smaller (Fig. 2c,d ). This muted SST response is related to the weak wind stress forcing, but also to the model's heat distribution in a 10 m-thick top ocean layer. The cooling to the south of Greenland is dynamically relevant because it is colocated with sites of significant deepwater formation in the Labrador and Irminger Seas and with the model's subpolar gyre (SPG; Supplementary Fig. S2 ).
We now study the ocean response in GFDL-CM2.1 to the stratospherically induced cooling. Because low-frequency forcing should be most effective in driving the ocean 3 , we composite on a low-pass filtered stratospheric NAM (see Methods) using a threshold of ±1. From the 4,000 years, we identify 75 strong and 70 weak events. Results from weak events are multiplied by −1 and combined with the strong events to form a single composite. The vortex index (Fig. 4a) , which reflects the likelihood for a vortex event to occur, shows the outcome of the compositing in terms of stratospheric circulation anomalies: the compositing favours strong polar vortex events that happen for several consecutive years centred on year zero. This situation is comparable to the one seen in the observations over the past 30 years (Fig. 1a) .
Over our study region, the vortex events induce a ∼0.1
• K cooling at the ocean surface (Fig. 4b) . Over the course of a few years, this signal penetrates into the deep ocean. The speed and depth of the penetration suggest that deep convection, which prevails over this region, is responsible. The cooling is followed by regular oscillations, which have a similar periodicity as the model's AMOC (Supplementary Fig. S1 ). This suggests that the oscillations are connected to the AMOC, which is confirmed when compositing the AMOC on the stratospheric events (Fig. 4c) . Following the central date, the AMOC undergoes regular fluctuations that are coherent with the ocean temperatures.
The standard deviation of the low-pass filtered AMOC fluctuations following the central date amounts to ∼0.23 Sv (Fig. 4c) . However, for certain strong events this value exceeds ∼0.5 Sv (Supplementary Fig. S3 ), which can be compared to the ∼1.3 Sv of the model's total AMOC standard deviation. In other words, forcing from the stratosphere contributes to a large portion of total AMOC variability. The vigorous intrinsic tendency of the model's AMOC to oscillate suggests that the stratosphere acts as trigger for such oscillations and that forcing at the resonant frequency is most effective in driving it. This is supported by analysis presented in Supplementary Fig. S3 . We generalize our results by investigating further simulations taken from the preindustrial control experiment of the Fifth Coupled Model Intercomparison Project (CMIP5). For each CMIP5 model, we examine the surface anomalies that develop over the study region in response to vortex events (Fig. 5a ). As before, strong events are associated with increased τ and colder SSTs, but there is a large inter-model spread. We divide the models into two classes: high-top models with a well-resolved stratosphere, and low-top models with a relatively simple stratosphere. The surface response of the combined (black) high-top models is significantly stronger than that of the (grey) low-top models, confirming our previous assumption about the role of stratospheric representation. Using criteria identical to that in Fig. 4 , we composite the AMOC time series from all high-top (Fig. 5b) and all low-top (Fig. 5c ) models on low-frequency vortex events. As in GFDL-CM2.1, the AMOC of both multi-model ensembles starts to oscillate after the vortex events. However, whereas the oscillations persist for decades in GFDL-CM2.1, they vanish after several years in the CMIP5 ensembles. This is due to the widely differing spectral characteristics of the AMOC in the models, leading the composite outcome to de-correlate relatively fast. The magnitude of the AMOC anomalies after the events reaches ∼20% of the climatological standard deviation. It is about the same for the two model classes, despite the differences in forcing strength at the surface. This similarity might be related to model differences that go beyond our simple high-top/low-top classification and the complicated response of the AMOC, which involves nonlinear dynamics.
Our analysis suggests a significant stratospheric impact on the ocean. Recurring stratospheric vortex events create long-lived perturbations at the ocean surface, which penetrate into the deeper ocean and trigger multi-decadal variability in its circulation. This leads to the remarkable fact that signals that emanate from the stratosphere cross the entire atmosphere-ocean system. The propagation into the deeper ocean can be explained from the wellknown impact of the NAO on the SPG and AMOC (refs 13,14) . The oscillatory behaviour of the ocean following stratospheric events is probably related to a delayed negative feedback of the AMOC on itself 11, 14, 15 . A number of factors promote the stratosphere-ocean connection: the persistence of individual stratospheric events; a stratospheric rhythm that matches the resonant frequency of the AMOC; the dynamical coupling from the stratosphere to the troposphere; the collocation between the NAO nodal point and regions of downwelling; and the intrinsic instability of the AMOC.
We do not advocate the stratosphere as the sole or primary source of AMOC variability. However, the stratosphere seems to contain a significant amount of low-frequency energy capable of modulating the AMOC. The source of this energy may be related to coupling with other subcomponents of climate [16] [17] [18] or variations in external forcings 19, 20 . However, in our simulations external forcings are held constant in time, and our analysis (Fig. 4 and Supplementary Figs S4 and S5 ) leads to the conclusion that at low frequencies the stratosphere drives the AMOC. It seems most likely to us that the stratospheric multi-decadal energy is related to stochastic forcing from the troposphere 21, 22 , which may involve variations in the dynamical wave forcing 7 , or in the frequency of blockings 23 and their influence on SSWs (ref. 24). Our results have implications for the prediction of decadal climate, an subject that has gained increasing attention recently [25] [26] [27] . As it is impossible to accurately predict variations in the strength of the polar vortex beyond several days, it is likely that the new mechanism acts to limit the skill of decadal predictions. However, representing the coupling between stratosphere, troposphere, and ocean in modelling systems should refine estimates of decadal climate predictability and improve the skill of short-term climate predictions after strong stratospheric events. Our results add to an increasing body of evidence that the stratosphere forms an important component of climate and that this component should be represented well in models.
Methods Data
Observations. NCEP/NCAR reanalysis are used as observations of geopotential height, surface fluxes and SSTs.
GFDL-CM2.1. The main model of this study is the Geophysical Fluid Dynamics
Laboratory climate model GFDL-CM2.1. It has a horizontal resolution of 2 • latitude by 2.5 • longitude, and 24 vertical levels concentrated in the troposphere, leading to a relatively poorly resolved stratosphere. The model produces realistic simulations of tropospheric climate 28 and self-sustained AMOC oscillations with a central period of ∼20 years ( Supplementary Fig. S1 ). Such oscillations may be connected to the Atlantic Multi-decadal Oscillation 29 (AMO), a pattern of North Atlantic SST variations with a period of 60-80 years 30 . The fact that the period of the observed AMO is longer than the period of the simulated AMOC is not surprising given the many simplifying physics in climate models and the uncertainty in observing the AMO.
CMIP5. CMIP5 data are based on monthly means from the preindustrial control experiment. We consider models that provide at least 500 years of data and the quantities needed for our analysis. This leads to 18 models with a total of 12,944 years of simulation data (Fig. 5a and Supplementary Table S2) . In Fig. 5b,c we perform analysis on the concatenated NAM and AMOC time series from models belonging to either the high-top or the low-top group; time series from each model are standardized before concatenation.
Statistics
Statistical analysis. In all our analysis we take the same non-parametric approach to establish statistical significance at the two-sided 95% level. In this approach, we randomly sub-sample elements from the entire population and take averages. The number of elements selected equals the number included in the quantity to be tested. We repeat this procedure 10,000 times, leading to a distribution of outcomes that is the result of pure chance. The upper and lower 2.5 percentiles of this distribution are our empirically determined confidence limits.
Event selection. The events selected for the composites shown in Figs 4 and 5b,c are based on the dates on which the smoothed annual November-March means of the NAM at 10 hPa (Gaussian filter, σ ∼ 2 years) exceed a value of ±1; selected events are separated by at least 30 years.
Detrending. To account for long-term trends we first remove from all quantities a low-pass filtered (101-year running means) version of the data. Daily atmospheric quantities are filtered by removing a slowly varying trend climatology, following a procedure that accounts for seasonality of trends 31 , except that a running mean filter of 101 years is applied.
Climate indices
SSWs. SSWs are defined when the daily zonal mean zonal wind at 10 hPa becomes easterly. Only the first SSW in a given winter is chosen; final warmings are excluded.
SSW index.
The binary SSW index is defined by assigning years with (without) a SSW a value of −1 (+1).
Vortex index. The model derived 'vortex index' is similar to the 'SSW index'; both measure whether a polar vortex event occurs. Introducing the vortex index is necessary because most low-top models have positive stratospheric wind biases, causing wind reversals and SSWs to become rare. The vortex index is based on the daily normalized NAM at 10 hPa and a threshold of +2 (−3) to identify strong (weak) vortex years. The index is assigned a value of +1 (−1) if a strong (weak) vortex is detected; other years (neutral) are assigned a value of zero.
NAM.
The NAM is based on empirical orthogonal function (EOF) analysis performed individually at each level using daily zonal mean geopotential heights poleward of 20 • N; the NAM is the standardized EOF time series at any level. AMOC. The AMOC is the maximum of the North Atlantic meridional overturning streamfunction at 45 • N. For some models, the streamfunction is available as a pre-calculated CMIP5 quantity. For other models and for the reanalyses, the streamfunction is derived by vertically integrating the meridional sea water velocity. The reanalysis derived AMOC (1979-2010) stems from the mean over 12 products (Supplementary Table S1 ). Before taking the multi-reanalysis mean, time series from each reanalysis are normalized, annually averaged, and smoothed (Gaussian filter, σ ∼ 1.3 years). All 12 reanalysis are only available for the 1993-2001 period. Outside this period, fewer reanalyses exist, creating spurious discontinuities at the interface between the full and the reduced set. We adjust for this by removing from the reduced set the difference between the full and reduced set at the interface. 
